Background and Purpose-We evaluate associations between the severity of magnetic resonance perfusion-weighted imaging abnormalities, as assessed by the hypoperfusion intensity ratio (HIR), on infarct progression and functional outcome in the Diffusion and Perfusion Imaging Evaluation for Understanding Stroke Evolution Study 2 (DEFUSE 2). Methods-Diffusion-weighted magnetic resonance imaging and perfusion-weighted imaging lesion volumes were determined with the RAPID software program. HIR was defined as the proportion of TMax >6 s lesion volume with a Tmax >10 s delay and was dichotomized based on its median value (0.4) into low versus high subgroups as well as quartiles. Final infarct volumes were assessed at day 5. Initial infarct growth velocity was calculated as the baseline diffusion-weighted imaging (DWI) lesion volume divided by the delay from symptom onset to baseline magnetic resonance imaging. Total Infarct growth was determined by the difference between final infarct and baseline DWI volumes. Collateral flow was assessed on conventional angiography and dichotomized into good and poor flow. Good functional outcome was defined as modified Rankin Scale ≤2 at 90 days. Results-Ninety-nine patients were included; baseline DWI, perfusion-weighted imaging, and final infarct volumes increased with HIR quartiles (P<0.01). A high HIR predicted poor collaterals with an area under the curve of 0.73. Initial infarct growth velocity and total infarct growth were greater among patients with a high HIR (P<0.001). After adjustment for age, DWI volume, and reperfusion, a low HIR was associated with good functional outcome: odds ratio=4. 
B
rain infarction results from a focal decrease in cerebral blood flow. The severity and the duration of tissue hypoperfusion determine the fate of the ischemic tissue. 1 Magnetic resonance (MR) perfusion imaging offers an estimate of cerebral hemodynamics. The time when the residue function reaches its maximum (TMax) is one of the more commonly evaluated parameters and has been used to estimate the volume and location of the penumbra in several clinical trials. 2 Our group and others have attempted to clarify which TMax thresholds provide the most accurate estimate of penumbral tissue. In the Diffusion and Perfusion Imaging Evaluation for Understanding Stroke Evolution Study (DEFUSE), TMax delays of >6 s (TMax >6 s) were optimal to predict final infarction in patients who did not experience early reperfusion and reperfusion of TMax >6 s lesions was associated with clinical recovery. 3 Comparisons between MR perfusion and reference techniques such as positron emission tomography or Xenon computed tomography have shown that TMax >6 s delay maps are highly correlated with penumbral thresholds. [4] [5] [6] Moreover, 2 groups have demonstrated a consistent relationship between the proportion of any TMax lesion (≥2 s) with a TMax delay of >6 s and collateral flow, baseline lesion volume, and infarct growth. 7, 8 Finally, the DEFUSE 2 demonstrated prospectively that patients with a target mismatch between the diffusion-weighted magnetic resonance imaging (dMRI) lesion and the TMax >6 s lesion had a high rate of clinical recovery after reperfusion. 9 In patients who did not reperfuse, DEFUSE 2 demonstrated a strong correlation between baseline TMax >6 s lesion volume and final infarct volume. 10 Therefore, TMax >6 s seems to be a reasonable surrogate for estimation of the penumbra in patients with acute stroke.
Severe hypoperfusion has been associated with irreversible necrosis of the ischemic lesion even after reperfusion. 11, 12 TMax >6 s lesions include regions with variable degrees of hypoperfusion. Hence, TMax >6 s lesions sometimes contain a large fraction of tissue with delays >8 to 10 s. In the DEFUSE and EPITHET meta-analysis, large regions of severe delay (>10 s) have been associated with poor outcome after reperfusion. 13 This finding suggests that higher TMax threshold may identify tissue with more severely reduced cerebral blood flow values which may have a substantial impact on the evolution of the acute ischemic lesion. The DEFUSE 2 confirms in a prospective cohort of patients with a large perfusion lesion that reperfusion was associated with an increased rate of clinical recovery among patients with a target mismatch but not among those with a malignant profile. 9 Based on those premises, we evaluated the proportion of the TMax >6 s lesion with a TMax >10 s delay that we termed the hypoperfusion intensity ratio (HIR). We hypothesized that the HIR would be associated with other parameters that are relevant to the evolution of an acute ischemic lesion and could therefore become an independent predictor of the clinical outcomes. To test these hypotheses, we assessed the relationships between the HIR (measured on baseline MRI) and clinical and radiological outcomes in DEFUSE 2.
Methods

Patients
The inclusion criteria, study design, and primary results of the DEFUSE 2 have been previously reported. 9 Briefly, patients with an acute ischemic stroke in whom endovascular treatment was anticipated within 12 hours after stroke onset were enrolled. Patients underwent a baseline MRI before endovascular treatment. Reperfusion was assessed on a follow-up MRI performed within 12 hours after the revascularization procedure. Final infarct volume was measured on fluid attenuated inversion recovery (FLAIR) sequence 5 days after symptom onset. Clinical outcome was assessed by modified Rankin Scale (mRS) 90 days after the index event. Every patient with a detectable perfusion lesion with TMax >6 s was enrolled in this substudy. Approval for the study was obtained from local institutional review boards. A written informed consent was obtained from all the participants.
Definitions
The DEFUSE 2 MRI protocol has been previously reported. Perfusion (TMax >6, 8, 10 s) lesion volumes and the baseline diffusion-weighted imaging (DWI) volume were estimated by an automated software program (RAPID). Mismatch volume was calculated as the difference between the acute MR perfusion lesion (TMax >6 s) and the acute DWI lesion (apparent diffusion coefficient <600) volume. Mismatch ratio was calculated as the ratio between the acute perfusion lesion (TMax >6 s) and the acute DWI lesion volume. Target mismatch was defined by a mismatch ratio ≥1.8, a mismatch volume ≥15 mL, a DWI lesion volume <70 mL, and a perfusion lesion with TMax>10 s<100 mL. The malignant profile was defined by a DWI lesion volume ≥70 mL or perfusion lesion volume with TMax>10 s≥100 mL.
HIR was defined by the proportion of the TMax >6 s lesion with TMax >10 s. Patients were dichotomized into high and low HIR groups based on whether their baseline HIR values were above or below the median value for all patients. Patients were also divided into quartiles based on their HIR values. Angiographic recanalization rates and a collateral score were assessed on conventional angiography by a blinded reader (M.P.M). Only patients with a proximal vessel (internal carotid artery or M1) occlusion (defined by a thrombolysis in cerebral infarction score of 0-1) were included in this part of the analysis. Recanalization was assessed on the final angiogram using the arterial occlusive lesion score.
14 Recanalization success was dichotomized into no/partial (0-2) versus complete (3) recanalization. The angiographic collateral score was assessed in patients with a proximal vessel occlusion (internal carotid artery or M1) by a 5-point scale, rated 0 (no collateral flow) to 4 (complete/rapid collaterals to entire ischemic territory). Analysis of this scale was dichotomized into poor flow (0-2) versus good flow (3) (4) . 15 Early reperfusion on perfusion imaging was defined as a >50% reduction in the volume of the perfusion MRI (TMax >6 s) lesion between baseline and the early follow-up MRI. In patients with no early follow-up perfusion imaging, reperfusion was based on conventional angiography results and defined as a postprocedural thrombolysis in cerebral infarction score of 2b to 3. Final infarct volume was manually outlined on the 5-day follow-up fluid attenuated inversion recovery sequence.
The progression of the infarct volume was assessed at 2 different time points:
1. Initial infarct growth velocity was calculated as the acute DWI lesion volume on baseline MRI divided by the delay from symptom onset to baseline MRI in hours. 2. Total infarct growth was determined by the difference between 5-day fluid attenuated inversion recovery ischemic lesion volume and baseline DWI volume.
Functional outcome was assessed by mRS at 90 days. Good functional outcome was defined as an mRS ≤2 at 90 days.
Statistics
Proportions were compared using Fisher exact test. We compared medians between 2 groups using the Mann-Whitney U test. We used Jonckheere-Terpstra test for ordered alternatives to test whether continuous variables increased or decreased with increasing HIR quartiles. Receiver operating characteristic curve analysis assessed the performance of the HIR to predict collaterals. Logistic regression analysis assessed the association of HIR with good functional outcome. This relationship was adjusted based on age, DWI, and TMax >6 s lesion volumes, reperfusion status, and mismatch profile; these variables were identified as predictors of outcome in the DEFUSE 2 main analysis. 9 Interaction factors (TMax lesion volume, time to MR, time to treatment, reperfusion, and target mismatch status) were also assessed to identify whether associations of HIR with outcomes were dependent on reperfusion, imaging delay, or profile. All tests were 2 tailed and assumed significance at α <0.05. Statistical testing was performed with IBM SPSS Statistics software version 20.
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Results
Baseline Characteristics
Among the 110 patients in the endovascular cohort of the DEFUSE 2, 99 (90%) had detectable TMax >6 s perfusion lesions and are included in this study. Baseline characteristics are listed in the 
Associations Between Baseline HIR and Other Parameters
As shown in the Forty patients (67%) achieved complete recanalization. The median HIR before endovascular therapy did not differ in patients who eventually achieved recanalization compared with those who did not (P=0.592).
The collateral score could be assessed in 56 (83%), and scores were dichotomized into poor (0-2) versus good flow (3) (4) . Receiver operating characteristic curve analysis demonstrated that the HIR predicted poor collateral flow with an area under the curve of 0.73; HIR >40% had a sensitivity of 66% and a specificity of 70% for predicting poor collateral flow.
Early reperfusion could be assessed in all but one patient (baseline and follow-up TMax >6 s perfusion lesions were compared in 71 patients, and angiographic thrombolysis in cerebral infarction scores were used in 17 patients). Fifty-eight patients (59%) experienced early reperfusion. The median HIR at baseline was not different between patients who achieved early reperfusion and nonreperfusers, P=0.33. In the absence of early reperfusion, the HIR increased between baseline and early follow-up by 0.10 (IQR, −0.01 to 0.25) which corresponds to 33% (IQR, −3 to 57). In contrast, among patients who reperfused, the HIR decreased by 0.18 (IQR, 0.03-0.32), corresponding to a 60% reduction (IQR, 12-100; P<0.001; Figure 1 ). 
Infarct Progression
Initial Infarct Growth Velocity The initial infarct growth velocity could be determined in 98 (99%) patients. The median initial infarct growth velocity was 3.2 mL/h (IQR, 1.2-8.4) . Initial infarct growth velocity increased in association with HIR quartiles (P<0.001; Figure 2A ). Patients with a high HIR had faster initial infarct growth than patients with a low HIR: 7.2 mL/h (IQR, 2.9-17.8) versus 1.6 mL/h (IQR, 0.1-3.3); P<0.001. This relationship held for both the 80 patients with a baseline target mismatch profile, 5.0 mL/h (IQR, 2.9-8.8) versus 1.7 mL/h (IQR, 0.2-3.3; P<0.001), as well in the 18 patients who did not have the target mismatch profile, 23.6 mL/h (IQR, 7.9-40.4) versus 0.4 mL/h (IQR, 0.05-7.1; P=0.011).
Final Infarct Volume and Total Infarct Growth
Final infarction volume was assessed in 86 patients (87%) after a median (IQR) delay of 121 hours (97-132). Final infarction volume increased in association with HIR quartiles (P<0.001; Figure 2B ) and was larger among patients with a high versus low HIR: 120 mL (IQR, 65-207) versus 32 mL (IQR, 14-76); P<0.001.
Median infarct growth was 49 mL (IQR, 11-106). There was a significant increase in infarct growth associated with the HIR quartiles (P<0.001; Figures 2B and 3) . Patients who had high HIR experienced more infarct growth (83 mL [IQR, ) than those with low HIR (20 mL ); P<0.001. This association was present in both the 54 patients who experienced early reperfusion (P=0.001) and the 31 who did not (P=0.029).
Clinical Outcome
Forty-two patients (42%) had a good functional outcome (mRS ≤2) at 90 days. Their median HIR was lower than the patients with an mRS ≥3 at 90 days (30% [IQR, versus 43% [IQR, ; P=0.006). Time to MR had no significant impact on outcome (P=0.43). After adjustment for age, baseline DWI volume, time to MR, and the occurrence of early reperfusion, the odds ratio for good outcome associated with a low HIR was 4.3 (95% CI, , P=0.016. TMax >6 s volume was not a significant independent predictor of functional outcome. However, there was a significant interaction between perfusion-weighted imaging lesion volume and HIR with functional outcome. At low perfusion-weighted imaging volumes, the severity of the relationship between HIR and clinical outcome is diminished.
Discussion
Our results indicate that in the DEFUSE 2 cohort, the HIR (defined as the TMax 10/6 s ratio and assessed within 4.9 [±2.6] hours after stroke onset) is associated with the progression of the acute ischemic lesion as well as functional outcome. As previously demonstrated using lower TMax thresholds (TMax 6/2 s ratio), 7 the TMax 10/6 s ratio may predict collateral flow. HIR is associated with the severity of stroke at baseline (larger ischemic lesion and National Institutes of Health Stroke Scale) and tended to be more severe among patients with a proximal vessel occlusion. 
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In addition, our results indicate that a low HIR is associated with slower infarct growth and small final infarct volumes. Finally, the comparison between baseline and follow-up perfusion-weighted imaging revealed that the HIR worsens over time in patients who do not experience reperfusion. Altogether, these results support the concept that the HIR may provide an estimate of collateral blood flow and that the failure of collateral flow correlates with infarct growth. 16 Furthermore, a high HIR on baseline MRI predicts more rapid growth of the ischemic core, which could limit the therapeutic potential of reperfusion therapies. Multivariate analyses showed that HIR was an independent prognostic factor that did interact with perfusion lesion volume. Hence, for patients with a similar perfusion lesion volume, a high HIR seems to predict a less favorable outcome than a low HIR. Furthermore, this relationship is most potent for patients with larger baseline perfusion lesions.
We defined HIR as a clinical parameter that can be easily and quickly determined from automated perfusion maps. We prespecified that this parameter would be defined by the TMax thresholds used to estimate critical hypoperfusion (>6 s) and the malignant MRI profile (>10 s) in DEFUSE 2. It is probable that the use of different blood flow parameters (cerebral blood volume, cerebral blood flow, mean transit time) or alternative TMax thresholds to define the HIR would produce different results. Our results apply to the highly selected patient population enrolled in the DEFUSE 2. This population of patients is characterized by a high proportion of patients with small DWI lesions and large perfusion lesions. In addition, the final infarct volume was assessed 5 days after onset which is a time point when edema may result in overestimation of infarct volume. 9 Therefore, our conclusions are limited to the DEFUSE 2 cohort and the results may not be applicable to other populations.
In conclusion, the HIR can be assessed rapidly and easily by automated software following bolus contrast perfusion imaging. This variable correlates with the degree of collateral circulation and is associated with the rate of infarct growth and clinical outcome. Further data are required to clarify whether HIR is useful for optimizing the selection of patients for stroke treatments.
